There is a large body of evidence suggesting that inhibitors of dipeptidyl peptidase-4, such as sitagliptin, may exhibit beneficial effects against different inflammatory disorders. This investigation was conducted to elucidate the potential ability of sitagliptin to counteract the injurious effects of doxorubicin in cardiac tissue. Male Wistar rats were pretreated with sitagliptin for 10 days then treated with a single dose of doxorubicin (20 mg/kg, i.p). Electrocardiography, biochemical estimation of serum and tissue markers, and histo-and immunopathological examinations were done. Results have shown that supplementation with sitagliptin resulted in significant improvement of cardiac function with contaminant decrease in serum markers of doxorubicin-induced cardiotoxicity. These results were supported by the histopathological results. Furthermore, a marked protection against oxidative stress was evident through reduction of lipid peroxidation and prevention of reduced glutathione content depletion and superoxide dismutase activity reduction in cardiac tissue of rats pretreated with sitagliptin in combination with doxorubicin. Moreover, sitagliptin ameliorated the activation of nuclear factor kappa-B and the release of inflammatory cytokines, tumour necrosis factoralpha and nitric oxide. Finally, sitagliptin attenuated doxorubicin-induced increase in the expression of pro-apoptotic protein Bax and in the apoptotic marker, caspase-3. Collectively, these data indicate that sitagliptin pretreatment could alleviate doxorubicininduced cardiotoxicity via reducing oxidative damage and its subsequent inflammation and apoptosis.
Introduction
Doxorubicin (DOX) is an anthracycline derivative that is potently used for treating a wide variety of human cancers. However, it has many adverse effects basically, serious dose-dependent cardiotoxicity and hepatotoxicity. This has resulted in essential careful monitoring of DOX during its therapeutical administration to decrease the cardiotoxicity. The mechanism underlying DOX-induced cardiotoxicity is still unclear. Accumulating evidence suggest the involvement of oxidative stress and lipid peroxidation in mediating DOX cardiotoxicity. 1 However, some previous studies have showed failure of potent antioxidant such as vitamin E, Nacetylcysteine, and polyphenol to protect the heart against DOX toxicity. 2, 3 This has led to reconsider other molecular pathways involved in the pathogenesis of DOX-induced cardiotoxicity. Previous investigations have demonstrated the formation of an iron-anthracycline complex during DOX-induced cardiotoxicity which causes severe damage to the plasma membrane and interferes with the cytoskeletal structure leading to loss of myofibrils, dilation of the sarcoplasmic reticulum, and myocyte necrosis. 4 DOX has been shown to induce the pro-apoptotic activation of nuclear factor-kappa B (NF-kB) in endothelial cells and cardiomyocytes. [5] [6] [7] This leads to increase in the production of several proinflammatory cytokines such as tumor necrosis factoralpha (TNF-a) and nitric oxide (NO). 8 Administration of agents such as epigallocatechin-3-gallate that interferes with NF-kB signaling pathway has shown significant potential to attenuate DOX-induced cardiac damage. 7 Recently, there is a growing evidence that cellular apoptosis (i.e. programmed cell death) may play a pivotal role in DOX-induced cardiotoxicity. 9 As the use of DOX in chemotherapy is essential, the search for new therapeutic agents that can alleviate or reverse DOX-induced cardiotoxicity is mandatory.
Glucagon-like peptide-1 (GLP-1) is the most important incretin hormone that promotes insulin secretion in response to nutrient ingestion and it is secreted by the entero-endocrine L cells of the intestinal mucosa. However, GLP-1 has very short half-life (2 to 3 min) due to rapid degradation by dipeptidyl peptidase 4 (DPP4). DPP4 inhibitors lead to increased GLP-1 levels in the blood and extend the duration of GLP-1 action. In addition to the anti-diabetic effects of DPP4 inhibitors, accumulating evidence suggest that DPP-4 inhibitors have considerable therapeutic potential for different diseases such as tissue inflammation, diabetic nephropathy, and cardiovascular disorders. [10] [11] [12] [13] [14] GLP-1 receptors are expressed in rodent and human heart and they improve energy metabolism via increasing glucose intake to myocytes. 15, 16 In isolated cardiomyocytes, GLP-1 enhances L-type Ca2þ current via activation of the cAMP-dependent protein kinase A. 17 Many recent reports have focused on the protective effect of DPP4 inhibitors in various cardiovascular diseases such as hypertension, cardiac ischemia, and cardiomyopathy. [18] [19] [20] [21] [22] The DPP-4 inhibitor, sitagliptin, has been shown to enhance the recovery of left ventricular developed pressure in a model of ischemia/reperfusion injury. Chronic treatment with sitagliptin increased survival in diabetic mice after left anterior descending coronary occlusion. 23 Another study of Ye et al. 18 showed the efficacy of sitagliptin in decreasing infarct size following induction of myocardial ischemia in non-diabetic rodents. Furthermore, DPP-4 inhibitors have also been demonstrated to improve left ventricular relaxation and decrease cardiomyocyte apoptosis and cardiac fibrosis in diabetic mice with cardiomyopathy. 10 Interestingly, in most studies, the potential benefits of DPP-4 inhibitors were observed to be independent of blood glucose control. This suggests that DPP-4 inhibitors may improve heart function mainly through a GLP-1R-independent pathway. 24 Up till now the possible protective role of DPP4 inhibition on DOX-induced cardiac toxicity has not been examined. Therefore, the aim of this study is to investigate the potential effects of sitagliptin on DOX-induced cardiotoxicity and explore the underlying mechanisms.
Materials and methods

Animals
The study was conducted on 32 male Wistar rats weighing 150-180 and of 9-10 week's age. The animals were obtained from King Abdulaziz University, Jeddah, Saudi Arabia. The animals were maintained under standard conditions of hygiene, temperature, and a 12-h light/dark cycle with free access to standard rat chow and water. All the procedures concerning animal experiments were performed in accordance with the principles and guidelines for Care and Use of Laboratory Animals adopted by ''The Research Ethics Committee'', Taibah University, Saudi Arabia which comply with ''Principles of Laboratory Animals Care'' (NIH publication No. 85-23, revised 1985) .
Chemicals
The highly water soluble sitagliptin phosphate monohydrate was obtained as tablets ''Januvia, Merck Sharp, UK'' while DOX as ampoules ''Adriblastina, Pharmacia, Italy'' from the Medical Center of Taibah University, Al-Madinah Al-Munawwarah, Saudi Arabia. Other chemicals are of high analytical grade.
Experimental design
The rats were randomly assigned to four groups of eight animals each:
1. Control group, rats were administered physiological saline orally for 10 days. 2. DOX group, rats received physiological saline orally for 10 days and then DOX (20 mg/kg, i.p) on day 10. 3, 4. Sitagliptin þ DOX groups, where rats were administered sitagliptin at two different doses (10, 20 mg/ kg, orally) for 10 days before DOX administration, while DOX was given on the 10th day. Sitagliptin dosage regime was adapted based on the published studies in rodents reporting its antioxidant and antiinflammatory activities. [25] [26] [27] [28] Forty-eight hours after DOX injection, rats were weighed, anesthetized using intraperitoneal injection of ketamine (75 mg/kg) then subjected to electrocardiography (ECG) recording. Following ECG, blood samples were collected and the serum was separated by centrifugation at 3000 r/min for 10 min then frozen at À20 C for estimation of biochemical parameters. After that, rats were sacrificed and the hearts were harvested and washed with ice cold saline. Small piece of the hearts was cut, weighed, and then homogenized using normal saline. Another piece of the heart was fixed in 10% neutral buffered formalin for histopathological and immunohistochemical examination.
ECG. ECG was recorded at the beginning of the experiment to ensure the normal ECG pattern of the rats. ECG was recorded in ketamine anesthetized rats 48 h after DOX injection. Needle electrodes were inserted under the skin of the animals in lead II position. The ECG chart recording speed was 50 mm/s and the voltage was 1 mv/cm. Analysis of ECG waves was performed to calculate heart rate (beats/min), R-R interval (ms), QRS duration (ms), QT interval (ms) which was corrected for heart rate using the Bazett formula QTc ¼ QT/(square root of RR interval), 29 and R wave voltage (mv). For each parameter, measurements were done at three non-consecutive, randomly chosen points in every 5 min recording. The results are reported as mean of the three randomly selected segments.
Assessment of serum cardiotoxicity markers. Creatine kinase isoenzyme-MB (CK-MB) activity (a highly reliable biomarker of cardiac injury) was detected based on kinetic photometric method using available commercial kit (Elitech, France). The samples were measured at 340 nm and the increase in the absorbance at this wavelength is directly related to the activity of CK-MB and the results were expressed as U/L. Lactate dehydrogenase (LDH) activity was estimated according to standard methods using available commercial kit (Human Gesllschaft fur Biochemica und Diagnostica, Germany).
Assessment of histopathological cardiac damage. Heart tissue samples fixed in 10% neutral buffered formalin were processed for paraffin sections of 4 mm thickness, stained with hematoxylin and eosin (H&E) and examined using a light microscope (Olympus BX-50 Olympus Corporation, Tokyo, Japan). The histopathological lesions in the hearts of rats of different groups were characterized. The structural alterations of tissue were assessed based on the degree of vascular congestion; hemorrhage; hemosidrosis; cloudy degeneration; fatty degeneration; muscle striation; apoptosis and necrosis. The severity of such pathological lesions was graded semiquantitatively depending on the degree and extent of the alteration as follows: score À was considered normal, score AE borderline, score þ mild, score þþ moderate, and score þþþ severe. Five high-power fields were observed from each animal.
Measurements of oxidative stress and antioxidant status
Estimation of malondialdehyde (MDA). The MDA concentration was determined as an indicator of lipid peroxidation in heart tissue. The MDA content was measured using a commercial kit purchased from Bio-diagnostic Company (Giza, Egypt). Briefly, MDA content was determined by measuring the level of thiobarbituric acid-reactive substances spectrophotometrically at 534 nm. MDA level was expressed as nmol/g tissue.
Estimation of superoxide dismutase (SOD). The SOD activity in the heart homogenate was determined using a commercial kit purchased from Bio-diagnostic Company (Giza, Egypt). Detection of SOD activity in heart homogenates relies on the ability of SOD to inhibit the reduction of nitro-blue tetrazolium dye. The SOD activity was expressed as units/g tissue.
Estimation of reduced glutathione (GSH). The concentration of GSH in the heart homogenate was measured using a commercial kit purchased from Bio-diagnostic Company (Giza, Egypt). GSH content is proportional to the reduced yellow chromogen measured at 405 nm, that is produced by the reduction of Ellman's reagent (5,5 0 dithiobis-2-nitrobenzoic acid) (DTNB) with sulfhydryl (-SH) group of GSH. The GSH content was expressed as mmol/g tissue.
Immunohistochemical examinations. Mini tissue cores (5 mm) were extracted from each formalin fixed paraffinembedded heart block of all animals and used to construct a tissue miniarray (TmA) as previously described. 30 IHC staining of NF-kB, and Bax was carried out by using Ventana Bench Mark XT system (Ventana Medical Estimation of inflammatory cytokines. The levels of TNFa and NO were determined in cardiac homogenates using commercially available kits according to the instructions of the manufacturer (R&D Systems, USA). 
Results
Effect on ECG parameters in rats
As shown in Table 1 , ECG monitoring was normal in control rats. DOX administration caused ECG abnormalities as presented by bradycardia, lengthen of R-R interval, increase of QRS duration, prolongation of QTc interval, and significant decrease in the R wave voltage as compared to the control group. Pretreatment with sitagliptin significantly attenuated DOX-induced abnormalities in ECG parameters in a dose-dependent manner as compared to DOX group.
Effect on cardiotoxicity markers in rats
CK-MB and LDH levels were determined as serum markers for myocardial injury. In DOX group, these markers were significantly elevated as compared to the control group. On the contrary, sitagliptin pretreated animals showed a significant decrease in LDH and CK-MB levels as compared to DOX group in a dose-dependent manner (Figure 1 ).
Histopathological examination
Rats of the control group showed normal appearance of cardiac muscles and blood vessels (Figure 2(a) ). DOX intoxicated rats showed marked injury in the cardiac tissue as there was dispersion of the cardiac muscles architecture, loss of muscular striations, vascular congestion, and marked hydropic degeneration (Figure2(b) ). Cardiac Table 2 . 
Effect on oxidative stress and antioxidant status
The level of lipid peroxidation in cardiac tissue was significantly increased with contaminant decrease in the antioxidant status in DOX-treated animals (Figure 3 ). Pretreatment with sitagliptin significantly attenuated the elevated MDA level and increased antioxidant markers, GSH content and SOD activity, as compared to DOX group.
Effect on immunohistochemistry of NF-iB p65
Regarding NF-kB immunoexpression and OD quantification, the control group showed minimal brown cytoplasmic immunostaining for NF-kB p65 subunit, while there was marked elevation in the level of p65 in case of DOX group as it was indicated by intense brown staining (Figure 4(a) and (b)). Sitagliptin pretreatment at both lower and higher doses induces a significant reduction in the expression of p65 (Figure 4(c) to (e)).
Effect on inflammatory cytokines
As presented in Figure 5 , DOX administration resulted in increase in the levels of inflammatory cytokines, TNF-a and NO, as compared to the control group, while sitagliptin pretreatment alleviated DOX-induced overproduction of these cytokines.
Effect on apoptotic markers
As shown in Figure 6 , the immunoexpression and OD quantification of the pro-apoptotic marker Bax were markedly increased upon DOX administration as compared to the control group. However, sitagliptin pretreatment significantly attenuated Bax immunoexpression in a dosedependent manner as compared to the DOX group ( Figure 6 (c) to (e)). Furthermore, the caspase-3 activity in the cardiac tissue was significantly elevated in DOX group as compared to the control one. Sitagliptin pretreatment ameliorated this increase and lowered the level of caspase-3 ( Figure 6(f) ).
Discussion
DOX is one of the most effective chemotherapeutic agents used in multiple cancer types but its clinical usefulness is seriously limited by the risk of developing cardiomyopathy and congestive heart failure. This study investigated the effects of sitagliptin on DOX-induced cardiotoxicity through estimation of various biochemical, electrophysiological, and histological parameters. The results showed that sitagliptin possesses cardioprotective effects against DOX cardiotoxicity which may be mediated through anti-oxidative, anti-inflammatory, and anti-apoptotic properties (Figure 7) . The electrocardiographic results indicated that DOX cardiotoxicity is associated with ECG abnormalities as bradycardia, prolongation of R-R interval, QRS duration, QTc interval, and significant decrease in the R wave voltage. The prolongation of both QTc interval and R-R interval indicates delayed repolarization and a negative chronotropic effect in general. 31 These results are in accordance with the previous investigations. [32] [33] [34] Sitagliptin pretreatment counteracted these ECG abnormalities in a dose-dependent manner.
Furthermore, the development of cardiac damage induced by DOX administration was clearly evident through the significant elevation of serum CK-MB and LDH. Increased reactive oxygen species (ROS) generation following DOX administration causes membrane peroxidation and disruption of cardiomyocytes. This can lead to leakage of several biochemical markers in the serum or plasma, especially CK-MB, which is considered as standard diagnostic parameter for any form of myocardial damage. 35, 36 Pretreatment with sitagliptin attenuated the release of these cardiotoxicity markers into the serum in a dose-dependent manner. These biochemical results are strongly correlated with the above ECG observation and the histopathological examination of cardiac tissues. DOX administration induced degenerative changes in the cardiac tissue in the form of cloudy degeneration, muscle striation, hemorrhage, hemosidrosis, apoptosis, and necrosis. These pathological changes in cardiac tissue have been reported previously in acute DOX intoxication. 34, 37 On the contrary, marked attenuation of all DOX-induced histopathological lesions was observed in sitagliptin pretreated rats. Taking these results together, this study suggests that sitagliptin provokes protective effects against DOX-induced cardiotoxicity.
To further explore the molecular mechanisms that mediated the cardioprotective effects of sitagliptin, the effects of sitagliptin on oxidative stress, cytokine levels, NF-kB (p65) activity, and apoptosis were examined. Multiple pathways are implicated in the pathogenesis of DOX-induced cardiotoxicity. Overproduction of ROS and decreased myocardial endogenous antioxidants have been considered as a corner stone in developing DOX-induced cardiotoxicity. 38, 39 ROS leads to lipid peroxidation and oxidative injury to cellular components which cause cardiomyocyte cell death. As documented, DOX has high affinity for the phospholipid component of mitochondrial membrane in cardiomyocyte, leading to accumulation of DOX in the heart tissue which in turn is characterized by high susceptibility to oxidative injury as compared to other organs due to low levels of free-radical detoxifying enzymes/molecules like SOD, GSH, and catalase. 40, 41 Results presented here demonstrated that DOX induced lipid peroxidation in cardiac tissue as it caused elevation in the cardiac content of MDA contaminant with significant decrease in GSH content and SOD activity. These findings confirm many previous reports that demonstrated increased cardiac lipid peroxidation accompanied by deteriorating antioxidant status in the DOX-treated animals. 31, 34, 38, 41 However, sitagliptin pretreatment attenuated DOX-induced oxidative damage and increased the antioxidant status in cardiac tissue. These results are in accordance with the previous studies which showed the ability of sitagliptin to reduce the oxidative burden in different experimental models of organs toxicities. 22, 28, 42, 43 In addition to its direct toxic effects, ROS can induce nuclear transcription factor-kB (NF-kB) activation which leads to its translocation into the nucleus where it binds to the promoter elements and activate the expression of inflammatory cytokine genes with subsequent proinflammatory mediators production such as TNF-a, COX-2, and NO. 7, 44 In the current study, DOX administration resulted in the increased expression of NF-kB as well as increased levels of TNF-a and NO. These results are in accordance with previous investigations that reported the ability of DOX to induce potent inflammatory response through activation of NF-kB and stimulating subsequent proinflammatory cytokine production. 8 Interestingly, sitagliptin attenuated that inflammatory process. Sitagliptin pretreatment significantly suppressed the expression of NF-kB and reduced the production of TNF-a and NO in the cardiac tissue of rats exposed to DOX cardiotoxicity. These results confirm the anti-inflammatory action of sitagliptin that has been documented biochemically in animals and humans. 11, 14, 23, 42 Based on the presented results, it is acceptable to presume that the cardioprotective effects of sitagliptin against DOX cardiotoxicity are closely related to its ability to scavenge ROS and so blocking ROS induced activation of NF-kB and subsequent inflammatory mediator's production, thus minimizing the tissue damage in response to oxidants.
Recently, increased apoptosis of cardiomyocytes has been implicated as one of DOX possible mechanisms of cardiotoxicity. 34, 45, 46 However, increase in oxidative stress and depletion of endogenous antioxidants induces the intrinsic mitochondria-dependent apoptotic pathway in cardiomyocytes. 47 Furthermore, NF-kB can potentiate DOX-induced apoptois in cardiomyocytes. 5 Recently, Pointon et al. 48 have suggested that the major mechanism of DOX cardiotoxicity is via damage or inhibition of electron transport chain (ETC) by involving alteration in the expression and translation of myocardial ETC genes, leading to ATP loss and caspase-3 activation that initiate the apoptotic degradation phase.
As reported before, the major regulators of apoptosis are members of the Bcl-2 family of proteins which include proapoptotic protein (as Bax) and anti-apoptotic proteins (as Bcl-2 and Bcl-xL). 49 Increase of oxidative stress causes Bax translocation to the outer mitochondrial membrane resulting in increase in mitochondrial permeability and cytochrome c release into the cytosol which activate El-Agamy et al. Sitagliptin protects against doxorubicin cardiotoxicity 1585 downstream effector caspases. 50 In agreement with these early reports, DOX sharply increased Bax expression and caspase-3 activity with subsequent marked apoptosis of cardiomyocytes. Sitagliptin supplementation resulted in decreased in pro-apoptotic protein Bax expression and caspase-3 activity leading to attenuation of apoptosis. This finding is consistent with previous investigations that reported the antiapoptotic effects of sitagliptin. 10, 51, 52 Finally, sitagliptin is a new anti-diabetic agent that has many advantages over other hypoglycemic agents as weight neutral and a low risk of hypoglycemia as well as lack of drug interactions. Until now no limitation has been reported concerning the use of sitagliptin. High cost and unknown long-term safety are the major disadvantages of sitagliptin. 53 However, this study may add a new spectrum to the use of sitagliptin.
In conclusion, the current study demonstrates for the first time the cardioprotective effects of sitagliptin against DOXinduced cardiotoxicity. This effect may be mediated through potent antioxidative, anti-inflammatory, and anti-apoptotic activities of sitagliptin. Thus, it is reasonable to presume that sitagliptin may be beneficial in patient on DOX chemotherapy. Further clinical studies are needed to prove that effect.
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